The complete nucleotide sequence of the mitochondrial genome of the Oriental white stork, Ciconia boyciana, has been determined from captive storks by a novel method incorporating Long PCR and shotgun sequencing. 13 protein-coding genes, two ribosomal RNA genes and 22 transfer RNA genes were identified as in other vertebrate mitochondrial genomes. The position and direction of the NADH6 and tRNA-Glu genes were the same as previously reported for avian mitochondrial genomes. A 71 bp direct repeat and long CAAA repeat sequences were found at the 3' end of the D-loop region, together with SCB-1, SCB-2, SCB-3, and three TAS sequences. Direct sequencing of the PCR fragments in the D-loop region in 26 captive Oriental white storks originating from Japan, China, and Russia revealed nucleotide differences at 18 sites along 1,248 bp, and a total of nine haplotypes have been identified. It was found that one pair of individuals in the Japanese captive breeding program were of the same haplotype, suggesting that they were caught from the same nest. The pair has since been dissolved in consideration of the possibility of inbreeding depression.
INTRODUCTION
The Oriental white stork, Ciconia boyciana, is one of the endangered species listed in the IUCN Red Data Book. Their breeding range is considered to be limited to northern China and southeastern Russia and the main wintering grounds are the wetlands in the lower Chang Jiang valley. The population appears to be declining annually at an accelerating rate due to reduction of the breeding habitat and to the deteriorating quality of the wintering grounds. The world population has recently been estimated at 2,500 individuals (Hosoda 1998) . The Oriental white stork was commonly seen nesting in villages some 150 years ago in Japan. However, by the turn of the century the population was in decline as a result of hunting, habitat destruction, and pollution such as pesticides. In Japan, the last remaining Oriental white stork was taken into captivity in 1971. Fortunately, the captive breeding program between Japanese zoos has been successful and the number of Oriental white storks increased to 120 individuals by the end of 1998. Furthermore, in Toyooka city, plans are underway for the reintroduction of the species (Murata 1997) .
One difficulty with captive breeding is the problem of inbreeding caused by the limited number of founders in the captive population. To avoid this problem, it is necessary to obtain some genetic information about the captive storks. However, regarding their molecular genetics, the only research reported so far is the phlogenetic analysis of the avian family Ciconiidae (storks) based on cytochrome b sequences and DNA-DNA hybridization distances (Slikas 1997 ) and a method for sexing the Oriental white stork by PCR (Itoh et al. 1997; Murata et al. 1998 ).
The mitochondrial genome evolves several times more rapidly than does the nuclear DNA (Brown et al. 1979) , and the D-loop is the most variable region in mtDNA (Aquadro and Greenberg 1983) . To find genetic variations in the mitochondrial D-loop region should give useful information to avoid inbreeding. In this work, we first determined the whole nucleotide sequence of the mitochondrial genome of the Oriental white stork using a novel method, and then revealed haplotypes in the D-loop region by direct sequencing of the PCR products.
MATERIALS AND METHODS
Total DNA was isolated, as described by Sambrook et al. 1989 , from 0.2-0.5 ml blood from each Oriental white stork, except for one individual -U13 -from which frozen tissue cells were used. In the case of U13, which died in 1986, DNA was extracted from the primary cultured fibroblast cells, which had been stored frozen. Detailed information on the 26 storks shown in Table 3 can be found in the studbook (Hosoda 1998) . A DNA sample from white stork U148 was used for determination of the complete nucleotide sequence of the mitochondrial genome. The first PCR primers STF1 and STR1 (Table 1) , used to amplify a 613 bp DNA fragment in the cytochrome b gene, were designed from the sequence data for the same gene of wood stork (Mycteria americana) (GenBank accession number U08949). PCR was then performed over 30 cycles of 30 seconds at 95°C, 30 seconds at 55°C, and three minutes at 72°C. The DNA fragment was purified from the agarose gel slice after electrophoresis, and sequenced directly with a BigDye Terminator kit and ABI 377 Sequencer (PE Applied Biosystems, Foster City, USA) using the same primers STF1 and STR1. The second set of PCR primers, STCB5 and STCB3 (Table 1) , were designed to amplify the rest of the mitochondrial genome with Long PCR. Long PCR was performed with 30 cycles of 20 seconds at 98°C and 15 minutes at 68°C with a Takara LA-PCR kit (Takara Shuzo, Kusatsu, Japan). An approximately 17 kb long fragment was purified by agarose gel electrophoresis and sonicated for 60 seconds with a Microson ultrasonic homogenizer (Misonix Inc., Farmingdale, NY, USA). The sonicated DNA was bluntended with T4 DNA polymerase and fractionated by 6% polyacrylamide gel electrophoresis. The gel, containing 1-2 kb long DNA fragments, was excised and crushed in MG elution buffer (500 mM ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA, and 0.1% SDS), followed by incubation at 37°C overnight. The recovered DNA was ligated with M13mp19, which had been previously digested with SmaI and treated with alkaline phosphatase. The ligated mixture was introduced into JM109 (YanishPerron et al. 1985) electro-competent cells with an E. coli Pulser (Bio-Rad Laboratories, Hercules, CA, USA). The cells were then plated onto LB plates containing X-gal and IPTG to form plaques at 37°C overnight. M13 phage lysate was prepared from 288 independent white plaques and phage ssDNA was isolated with a QIAprep 96 M13 kit (QIAGEN, Germany). The nucleotide sequence of each clone was determined with a BigDye Primer (-21M13) kit and ABI 377 Sequencer (PE Applied Biosystems, Foster City, USA). They were assembled using the AutoAssembler program (PE Applied Biosystems, Foster City, USA) and analyzed using the GENETYX program package (Software Development Inc., Tokyo, Japan). The mtDNA sequence of the Oriental white stork has been deposited at the DDBJ data bank with accession number AB026193.
We prepared 3 sets of primers (Table 1) to amplify the D-loop region of the mitochondrial genome of the Oriental white stork after determination of the complete nucleotide sequence. The lengths of the PCR fragments were 530 bp, 564 bp, and 323 bp, respectively. The amplified DNA fragments overlapped each other and the total length of the covered region was 1,248 bp, which is the length of the D-loop without the repeat sequences. The DNA frag- STF1 and STR1 were used in the first PCR to amplify a DNA fragment of the cytochrome b gene. STR1 was found to contain two mismatched bases, which are underlined. STCB5 and STCB3 were used in Long PCR to amplify almost all of the mitochondrial genome. STM3 to STM8 were used in haplotype analysis in the D-loop region.
ments amplified using DNA from 26 white storks as templates were purified and sequenced directly as described above. The AutoAssembler program was used for comparing DNA sequences to confirm the original sequence patterns when base changes were found. Multiple sequence alignment was carried out by the CLUSTAL W program (Thompson et al. 1994 ). We reconstructed phylogenetic trees by using the maximum parsimony (MP) method (Eck and Dayhoff 1966) , the neighbor-joining (NJ) method (Saitou and Nei 1987) , and the maximum likelihood (ML) method (Felsenstein 1981) with the D-loop nucleotide sequences. The DNAPARS program included in the PHYLIP program package (Felsenstein 1993) , the NJDIST and the NUCML programs included in the MOLPHY program package (Adachi and Hasegawa 1992) were used to assist the MP, NJ, and ML analyses, respectively. The NJ and ML trees were obtained by using the HKY85 model (Hasegawa, Kishino and Yano 1985) of nucleotide substitution. Bootstrap values of the ML trees were calculated by analyzing 1000 replicates using the resampling of estimated log-likelihood (RELL) method (Kishino, Miyata and Hasegawa 1990) .
RESULTS AND DISCUSSION
Determination of the nucleotide sequence of the mitochondrial genome. In the first PCR to amplify the DNA fragment in the cytochrome b gene, we used a set of primers designed from the nucleotide sequence of the same gene of wood stork (Avise et al. 1994) . After determination of the complete nucleotide sequence of the mitochondrial genome, STF1 primer was found to be equivalent to the sequence of the Oriental white stork, while STR1 had two mismatched bases (Table 1) . However, these mismatches had no effect on either the first PCR or the direct sequencing, under the conditions used for those reactions. Two major methods have been reported for determining the whole nucleotide sequences of mitochondrial genomes; the first using mtDNA extracted from isolated mitochondria (Anderson et al. 1981; Arnason et al. 1991) , and the second using the total DNA with many sets of PCR (Zardoya and Meyer 1997) . We developed a novel method in which we used Long PCR (Cheng et al. 1994 ) to amplify almost all mtDNA as template DNA for sequence determination, and then constructed the M13 library followed by shotgun sequencing. The advantage of our method is that only a small amount of total DNA extracted from blood is enough to determine the complete nucleotide sequence of a mitochondrial genome. In our experiment, the total number of M13 clones used for assembly was 256, and the sequence of each clone was 650 to 700 nucleotides in length.
One problem in determining the nucleotide sequence of PCR products by cloning is an ambiguity in nucleotides caused by errors during the PCR process. In our case, ambiguities were found at six sites in the 17,625 bp assembled sequence. The frequency ratios of nucleotides occurring most to the other nucleotides were 5 to 1 at three sites, 7 to 2 at one site, and 6 to 2 at two sites. At each site, we selected the nucleotide that was observed most frequently. To confirm the accuracy of our method, we analyzed the nucleotide sequence of the 12S rRNA gene by direct sequencing in 10 Oriental white storks. The nucleotide sequences for each stork were 960 bp in length, and were the same as that determined by our method, except for a nucleotide sequence variation in one individual, which is thought to be a haplotype in the 12S rRNA gene.
We found two types of repeat regions (Repeat A and Repeat B) in the 3' region of the D-loop. Repeat A contains 4.4 copies of a complete 71 bp repeat, although the last one ceases at 31 nucleotides. This 71 bp repeat unit is longer than any of those reported previously in the mtDNA (Zardoya and Meyer 1997; Masuda et al. 1998) . Repeat B -a long CAAA repeat -was revealed to vary in length among 17 sequenced M13 clones, ranging from 323 to 423 bp. This is considered to be due to pronounced heteroplasmy, as described previously (Xu and Arnason 1994; Xu and Arnason 1997; Härlid and Arnason 1998) , where the PCR fragments that were used to amplify the region containing Repeat B formed broad bands in polyacrylamide gel electrophoresis (data not shown). We selected the nucleotide sequence that contains the longest Repeat B (423 bp) for the analysis described below. Note that heteroplasmy was not found to occur in Repeat A.
The organization of the mitochondrial genome of the Oriental white stork. We identified 13 proteincoding genes, two ribosomal RNA genes and 22 transfer RNA genes. These are listed in Table 2 , together with the inferred start and stop codons as determined by sequence similarity with other complete mitochondrial genomes. All gene orders and directions are the same as in previously-reported complete mitochondrial genomes of the chicken (Gallus gallus var. domesticus) (Desjardins and Morais 1990) , the ostrich (Struthio camelus) (Härlid et al. 1997 ) and the rhea (Rhea americana) (Härlid et al. 1998) , and as in the partial mitochondrial genome of the duck (Anas platyrhynchos var. domestica) (Ramirez et al. 1993 ). NADH6 and tRNA-Glu are positioned immediately adjacent to the D-loop region, as in other avian mitochondrial genomes. Recently the different gene order of cytB, tRNA-Thr, tRNA-Pro, ND6, tRNA-Glu and D-loop has been reported in some avian mitochondrial genomes (Mindell et al. 1998 ). However, the order of those genes in the Oriental white stork was the same as that in the ancestral chicken mitochondrial genome.
The predicted secondary structure of each tRNA of the Oriental white stork conforms with those of the corresponding tRNA in the chicken and the ostrich. The sec- ondary structure of tRNA-Ser(AGY) of the rhea lacks the DHU arm (Härlid et al. 1998) , but that of the Oriental white stork does not. At position 8, adjacent to the aminoacyl stem, four tRNA genes of the Oriental white stork, tRNA-Asn, tRNA-Ser(UCN), tRNA-Lys, and tRNALeu(CUN), have adenine rather than the thymidine characterized in other vertebrates such as the chicken, the ostrich and the rhea (Härlid et al. 1997; . The start codons of the COI and COII genes were identified to be GTG(Val), as described for the ostrich and the rhea (Härlid et al. 1997; . All other protein-coding genes in the mitochondrial genome of the Oriental white stork have a methionine start codon, ATG. The COIII and the NADH4 genes are not terminated by a complete stop codon but with a single nucleotide T, and are immediately followed by the tRNA genes tRNA-Gly and tRNAHis, respectively. It has been suggested that in such cases post-transcriptional adenylation creates the complete stop codon TAA, which terminates the translation (Ojala et al. 1981) .
Three conserved sequence blocks (CSB-1, CSB-2 and CSB-3), probably involved in the replication of the H-strand, have been identified in the D-loop region of many vertebrates (Walberg and Clayton 1981) . The D-loop region of the Oriental white stork contains sequences similar to CSB-1, CSB-2, and CSB-3 (Fig.  1) . The common sequence block C(n)-TA-C(n) was found at the 5' end of the D-loop, as in many mtDNAs. The D-loop region of the Oriental white stork is characterized by two tandem repeat sequences at the 3' region, Repeat A and Repeat B, as described above. CSB-1 is separated from CSB-2 and CSB-3 by Repeat A, as in the cat (Felis catus) (Lopez et al. 1996) and the opossum (Janke et al. 1994) . Three termination associated sequences (TAS) were postulated in the 5' region of the D-loop based on the consensus sequence (Doda et al. 1981) .
Haplotypes in the D-loop region of the Oriental white stork. The nucleotide sequences of the D-loop region were determined by direct sequencing of three PCR products in 26 individual Oriental white storks. A total of nine haplotypes were identified by sequence comparison (Table 3) . Variations were found at 18 sites between positions 146 and 756, all of which are nucleotide substitutions. No deletion or insertion of nucleotides was observed between the 26 individuals. Because of the maternal inheritance of the mitochondrial genome, the haplotype is the same in individuals in the same maternal line. Naturally, the haplotypes of U220, U202, U203, U219, and U222 -offspring of the pair U150 (female: haplotype 2) and U151 (male: haplotype 1) -coincide with that of their mother U150.
We reconstructed the maximum likelihood tree of the nine haplotypes based on the nucleotide sequences, using the nucleotide sequence of the D-loop region of the Ciconia ciconia mitochondrial genome as the outgroup for the tree. We obtained the maximum likelihood tree with bootstrap values as shown in Fig. 2 . We also constructed the neighbor-joining tree and the maximum parsimony tree of the nine haplotypes. These trees were consistent with the maximum likelihood tree (data not shown). The captive sites and the numbers of the captured individuals belong to each haplotype are also shown in Fig. 2 in parentheses. The international stud number of each Oriental white stork are listed in Table 3 .U13 and U18 were captured in Japan in 1967 and 1971, respectively. However, U18 is grouped into haplotype 6, which includes others acquired from China. Only U13 is grouped in haplotype 9, but the nucleotide differences are fewer than those between individuals from China and Russia. The Oriental white storks captured in Russia were grouped into only two haplotypes, type 1 and 2, however, those captured in China into 6 haplotypes. The territory range in breeding site in southeastern Russia is wider than that in wintering China. This means that the Oriental white storks derived from Russia might be captured from limited area and come from a few families, resulting into fewer haplotypes. The migratory range of the Oriental 
The Individual number indicates the number specified in the international studbook for each Oriental white stork. The underlined individual numbers indicate individuals acquired from China, while those with asterisks indicate those captured in Japan. Numbers otherwise unmarked indicate individuals that were either acquired from Russia or are offspring of Russian parents. white stork spreads from southeastern Russia to southern China and islands of Japan, which may explain why no relation was observed between haplotypes and the place of capture. These results differ from those obtained in for the dunlin (Calidris alpina) (Wenink and Baker 1996) , where 24 haplotypes were grouped into four phylogenetic clusters corresponding to sampling locations. The differing result may arise from the small population size and limited migratory range of the Oriental white stork, and more precise analysis is required of the wild population in China and Russia. The nucleotide variations in the D-loop region have been studied to reveal the genetic variation in, and population structure of, the chum salmon (Park et al. 1993) , the dunlin (Wenink and Baker 1996) , the green turtle (Encalada et al. 1996) , the kokanee (Taylor et al. 1997 ), the Japanese sika deer (Nagata et al. 1998) , the Asian water buffalo (Lau et al. 1998) , the Japanese golden eagle ) and the eastern lowland gorilla (Saltonstall et al. 1998) . Only four nucleotide differences were found among 16 chum salmon individuals (Park et al. 1993) , while 33 haplotypes were identified among 80 water buffalo individuals (Lau et al. 1998) . In comparison with the frequencies of haplotypes in the natural population of these vertebrates, that of the captive Oriental white storks (nine haplotypes among 26 individuals), can be considered relatively high. It is important to extend the results of our study of the nucleotide variations in the D-loop region to the natural population, and thus clarify the population structure to help save the endangered Oriental white stork.
Both individuals in the captive pair U148 (female) and U147 (male) came from Russia at the same age and at the same time in 1985 and belong to the same haplotype 1 (Table 3) , strongly suggesting that both were caught from the same nest in Russia. Additionally, the survival rate of their offspring was significantly lower (12 per 54 eggs: 22%) than that of other pairs (70-80%). These results may show the probability of inbreeding depression. In consideration of the inappropriate genetic relation evident from our D-loop analysis, this pair was dissolved in early 1999 by the Japanese captive breeding program. Our analysis of nucleotide variations in the D-loop region of 26 individuals has already revealed the haplotypes of over 60% of the captive storks in Japan, accompanied by data in the international studbook for the Oriental white stork. A study to identify the haplotypes of the remaining 40% of the captives is now in progress.
We are now in the process of determining the complete nucleotide sequence of the Ciconia ciconia mitochondrial genome. We then intend to perform further phylogenetic analysis based on the complete sequences of the C. boyciana and C. ciconia mitochondrial genomes.
